The brake factor (BF) 
INTRODUCTION
The brake system is usually considered to be a safety part of the vehicle system and plays important operational roles. Therefore, many countries have recently introduced regulations and operational requirements for brake systems [1] and [2] . Regulations define a controllable, stable, predictable, and repeatable brake system performance for every road, load, weather condition, or partial failure. All these expectations can be met if the brake performance remains stable during its operation.
The components of a brake subsystem, such as valves and actuators, are well-controlled, and they do not significantly contribute to the variations in performance. They mostly respond to driver inputs as prescribed in their specifications-outputs. However, the performance variation of foundation brake generally depends on previously unpredictable physical conditions, such as load, road, and weather conditions. In a brake system, these conditions can arise as heat and wet affect the entire brake system through variations in friction. Electronic subsystems may partially reduce such performance variations of brakes by preventing wheel locks or accommodating vertical load related force distribution by controlling line air pressure. However, such systems do not guarantee a fully stable brake operation. Therefore, in this study, the performance variation issue for foundation brake is examined with regard to variation in the brake factor (BF).
The overall brake performance due to drum type foundation brake can be attributed to two criteria: 1) dimensional design parameters of foundation brake, and 2) friction between drum and lining [3] . The relation between both factors is formulized as brake factor (BF) [4] . Addressing issues related to BF variation is critical for quantifying performance variation in the overall vehicle brake system. Therefore, the foundation brake performance must be ensured before overall brake system performance is addressed [5] to [7] .
In general, there are two types of air-actuated foundation brakes; disc and drum. For disc type, the BF exhibits a linear relation with friction coefficient however for drum type the BF generally grows exponentially [4] . Since disc BF does not involve any dimensional parameters, it will not be considered in analysis here.
In past decade, a tendency showed that the drum type foundation brakes were replaced by disc brakes however, recently, a skeptical approach exists for there has been increased scepticism towards using disc brakes in the heavy commercial vehicle market. Drum type brakes (S-cam, Wedge, etc.) are still greatly preferred by truck, bus, and axle manufacturers [8] . A common belief among vehicle makers is that the S-Cam type foundation brake has great potential if its Optimization of the Brake Factor for an S-Cam Foundation Brake using RSM performance is improved as a result of its reduced BF. Lessons learned from the experience that brake caused vehicle pull and vibration can also be attributed to high BF variation that usually occurs in drum-type foundation brakes [9] . In contrast, such problems are relatively small for disk type foundation brakes as a result of their low BF. In this context, the main competitor for disc brakes among drum types is the S-Cam brake in terms of BF quantity. Therefore, improving S-Cam foundation brakes, with comparable improved performance to disc brakes, may become an advantage for extensively using it on the market in the future.
In this study, the BF was optimized in the design level for an S-Cam foundation brake with the best combination of dimensional parameters. The response surface method (RSM) was used to identify the best selection option of dimensions within given ranges. Afterward, two samples were tested to validate the relative improvement. One sample was tested with nominal dimensions as assembled on the vehicles on the market. Another new sample was built based on the modified dimensions after RSM analysis. In the meantime, a new testbed was built to perform experimental measurements of BF without any thermal effects on friction. Whether a substantial reduction on BF could be obtained if appropriate dimensions were selected in the design stage was investigated.
S-CAM FOUNDATION BRAKE
An S-Cam foundation brake consists of a leading and a trailing shoe (Fig. 1) . Both shoes are pivoted to on a foundation that is fixed on the vehicle's axle. Shoes rotate around their pivots at one end while they are mechanically actuated by an S-profiled cam, called S-Cam, at another end. The rotation of S-Cam for actuation is executed by a slack adjuster that is pushed by an air actuator from its tip.
Compressed air in the brake chamber generates a mechanical force that is transmitted to the brake shoes through the shoe roller and the S-Cam. The travel of the roller increases due to the wear of the brake linings and also due to the heat-related expansion of the brake drum as a consequence of braking operation [11] and [12] . Automatic slack adjusters, usually clearance-sensing, are used to compensate for this increase in roller travel because the force output from the brake chamber to the brake shoes decreases rapidly when the chamber stroke exceeds a certain limit. The mechanical subsystem of the schematic S-Cam air foundation brake system is illustrated in Fig 1. Depending on the rotation direction of the drum and shoes, the left side (C L ) is a leading (i.e. drum and shoe rotate at same direction) and the right side (C T ) is a trailing shoe (i.e. drum and shoe rotate at opposite direction) in Fig 1. 
THE BRAKE FACTOR
The BF can be expressed as the ratio of drum-lining friction drag force and the shoe actuation force:
where, Σ F drum_drag is the summation of drum drag force and Σ F shoe_actuation is the summation of total shoe actuation force. In order to compute the total BF (Eq.
(1)), first, each shoe's BF can be computed separately as follows [10] . and μ is the friction coefficient. L L and L T are the brake shoe's actuation lever arm lengths for leading and trailing shoes respectively and they can be calculated as:
. In this 
TYPES OF LINING WEAR
In calculation of BF, the nominal values data in Table  1 were used [10] . Fig. 2 shows that the BF grows exponentially for the leading shoe (C L ) as the friction coefficient increases. This occurrence is called "selfenergized", and it can only be seen in type foundation brakes [13] . Brake lining wear can be categorized into two types, as follows:
Type A: Linear wear (LW): in this case, the leading and trailing shoes have no floating mechanism of actuation (i.e. actuation load transfer is prevented between both shoes). This case implies an unequal shoes actuation force or an equal lining wear. S-Cam foundation brake is a typical example.
Type B: Differential wear (DW): In this case, leading and trailing shoes have a floating mechanism of actuation (i.e. actuation load transfer is permitted between both shoes). This case implies an equal actuation force or an unequal lining wear. A simplex wedge foundation brake is a typical example. Conditions for shoe actuation force, contact pressure between drum and shoes, and resulting brake torque are summarized [10] in Table 2 . Table 1 . Nominal values (from [10] ) 
In Fig. 3 , contact pressure profiles between drum and lining material are shown schematically for LW torque generated via lining and drum friction forces, F L and F T represent actuation forces applied to the shoes roller tips and DW. In Fig 3a, load transfer is permitted between the shoes, and equilibrium condition occurs through balanced contact pressure [10] . In Fig. 3b , load transfer is prevented via the aid of the S-Cam shaft and bushing. In this case, the pressure accumulates at trailing shoe, and the force 
balance occurs through wear on the lining between two shoes [10] .
Type A Type B Fig. 3 . Lining-drum contact pressure profiles (from [10] )
Equilibrium Condition. In S-Cam foundation brakes, a mechanically rotating cam actuates both shoes simultaneously. The function of the S-Cam is not only actuating shoes but also preventing actuation load transfer between leading and trailing shoes during brake application. The advantage of the preventing of load transfer between shoes is (occurring in equilibrium through self-balanced lining wear condition (LW)) to have a low BF and an equally lasting lining life (Fig 4, BF for even wear rate) . In reality, however, the BF can exceed uneven wear rate due to heat related shoes-drum expansions or deformations (Fig 4, BF for uneven wear rate) . 
BRAKE PERFORMANCE VARIATION
The foundation brake performance variation is quantified due to: 1) shoe dimensions, and 2) actuated cam-roller position. The shoes' dimensions are generally specified in the initial stage of design. In contrast, the roller position (L 2 ) is a quantity that changes during brake application. It depends on the clearance between lining and drum that could be changed due to wear-or heat-related expansions. Therefore, these two sources of variation were computed theoretically within design-potential dimensional ranges (Table 3) to investigate their potential impacts on the complete brake system design. In the analysis, Type A and B were evaluated separately and shown in Figs. 5 and 6, respectively. In the computation, each variable was assumed to be usable within the predefined design-potential dimensional range and varied in Eqs. (2) and (3) for a fixed value of friction. All calculations were repeated for each evenly spaced discrete value of the friction coefficient (i.e. increments of 0.05 in friction coefficient). This approach was used to quantify the total impact of variables on the BF model in terms of maximum "increase" or "decrease". Therefore, the results were sorted between maximum and minimum bounds and then plotted in Figs. 5. and 6. Continuous curves represent the bounds of maximum increase and decrease. Vertical data points represent total BF variation due to incremented values of all six parameters within given ranges. The direction of variation for each parameter was also ranked as either "increase" or "decrease" and summarized in Table 4 . Designing a foundation brake with improper dimensions may produce unexpected high BF that may cause a high variation in brake force when friction changes slightly. The changes in friction are unforeseeable; however, proper dimensions can be well evaluated in the design stage of the foundation brake. In this work, the aim was set to lower the BF as much as possible within specified designpotential dimensional ranges during the design process. Therefore, the cam-roller position and shoe dimensions were carefully selected in the analysis to theoretically compute the potential of reduction on the BF. For example, in Fig. 6 , a total variation of 31.92 % was observed relative to nominal value (dashed line) of BF at a friction of μ = 0.4. The 19.73 % of this variation was above the nominal value; therefore, it was treated as irrelevant to analysis because the target was set to obtain a lower BF. A value of 12.19 % was below the nominal value which indicated the availability of improvement on BF. That is our primary focus of intention. Similarly, in Fig 5, a total variation of 15.37 % was observed at the friction of μ = 0.4. The 8.08 % of total variation was above and 7.29 % was below the nominal.
THE RSM FOR THE BF MINIMIZATION
The RSM is a practical way to investigate relations between changes on the input variables and responses on the output variables in complex data systems. A wide variety of RSM engineering applications can be found in literature [14] to [16] such as aerospace, tribology, manufacturing, etc. In this analysis, the RSM is performed to minimize BF by using the values in Table 3 and at the friction coefficient of μ = 0.4. Full quadratic surface fit is applied in the RSM analysis. In Fig. 7 , nominal values (Table 1) were set as targeted in RMS analysis.
In Fig. 8 , the RSM is run for minimizing BF with the best option of dimensional input variables. The type of lining wear (LW and DW) was not known precisely; therefore, RSM analysis was performed on both cases simultaneously in order to the obtain changes of same variables to the response of both Table 6 for easy interpretation. The effects of parameters were converted to percentage change and then their ranks are numbered from one to six, as shown in Table 4 .
The most responsive variables (θ 2 , L 4 , and θ 1 ) are shown in shaded cells in Table 4 . A new test sample of S-Cam foundation brake was built based on a modification of these three variables after RSM analysis (θ 1 = 38.5, L 4 = 162 and θ 2 = 135). For testing purposes, a new brake testbed was designed and then built to measure BF in a practical, effective and inexpensive way, as shown in Fig. 9 . Most importantly, this testbed was also capable of measuring BF without thermal effects on friction (i.e. constant temperature or constant friction coefficient). With the modified test sample, one with nominal dimensions was also selected for testing to experimentally validate relative reduction on BF. Optimization of the Brake Factor for an S-Cam Foundation Brake using RSM 6 EXPERIMENTAL VALIDATION
Testbed
In the testbed, a Type-30 brake cylinder actuates both shoes. Cylinder input air pressure is controlled with a very precise pressure control and a check valve. In the meantime, the drum is forced to rotate via two hydraulic cylinders with an attached rotation flange, as shown in Fig. 9 [10] . These cylinders are also controlled by a very precise hydraulic pressure control valve. All three cylinders are plugged into a single control unit. The control unit performs the following jobs. First, it applies force to the shoe's roller through S-Cam actuation and holds the pressure of brake chamber in the stable state. This action puts the foundation and drum together in the brake state. Then, the control unit applies hydraulic pressure to the cylinders gradually to force the drum to rotate from a very low to high pressure by very small increments until the drum starts to rotate against the braked state. Sensors were installed to capture the rotation of the drum. Upon any detected small rotation in a short time (i.e. 3 mm to 5 mm relative displacement of the drum to the lining in the direction tangential to the drum's outer diameter), the sensor signals the control unit for recording all the pressures from all actuations including brake chamber and drum rotation cylinders. This pressure is an average value of measurements made by the control unit in very last short period and just before the rotation is captured. Finally, the measured force of rotation is assumed to be friction force generated by the foundation brake. The S-cam actuation force is calculated by considering the mechanical advantages (i.e. brake cylinder membrane surface, slack adjuster angles to pushrod). The ratio of these two forces is taken as BF as described in Eq. (1).
Experimental Work
Experiments were carried out by testing two samples in the testbed under the same conditions such as identical lining material (manufacturer-defined friction coefficient is μ = 0.4 ± 0.02), and same line air pressure (8.1 bar). First, the S-Cam foundation brake sample was tested with nominal design values, as given in Table 1 
CONCLUSIONS
Performance improvement of an S-Cam foundation brake has been carried out with respect to its dimensional design criteria. First, a detailed precise BF formulation is derived including cam-roller position effects. Second, the BF variation is quantified theoretically by varying all six variables within certain design-possible ranges. Then, the contribution of each parameter to BF is quantified and ranked via the use of RSM. Finally, the experimental validation was performed. In this regard, a new testbed designed to measure BF effectively without any thermal effects on friction. Based on the modification of the most responsive elements, a new foundation brake test sample was built. This sample was tested and its results were compared with the nominal sample. A significant improvement (reduction of 22.93 %) on BF was obtained. With this result, we conclude that an improved S-Cam foundation brake has been designed, tested, and validated with comparable performance to disc foundation brake. 
